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From 27 (out of a total of 29) sites a characteristic pre-folding magnetization has been obtained with D = 150 °, 
I =  +20  °, a g s = 3 . 5  °, and paleopole at 38°N, 132°E. However, we conclude from a bedding-error test and a 
conglomerate test, as well as from descriptions of the hematite as a replacement mineral, that the magnetization is a 
(late) post-depositional chemical remanent  magnetization. The age constraints on the magnetization, between Middle 
Silurian and Early Permian, can be refined by a comparison with the apparent polar wander path for cratonic North 
America; this comparison suggests a Late Carboniferous age for the magnetization and the hematite, which constitutes 
the principal component  of the iron ores. Similar Late Paleozoic remagnetizations have been noted in other Appalachian 
and mid-continent formations and suggest a widespread, but  as yet ill-defined mechanism for the remagnetization. It is 
tempting to correlate this event with the early phases of the Alleghenian orogeny in Carboniferous times and with 
possible fluid migrations resulting from the tectonism. 
1. Introduction 
The mid-Paleozoic segments of the North 
American apparent polar wander path are not well 
defined, although in recent years several Silurian 
[1,2] and one Early Devonian paleopole 5 [3] have 
been determined. Although the ancient Appa- 
lachian margin sequence has been subsequently 
deformed during the Alleghenian orogeny, there is 
little question that these formations of the Valley 
and Ridge Province formed part of cratonic North 
America, and the additional advantage of possible 
fold tests to constrain the age of the magnetization 
prompted us to undertake an investigation of the 
* Permanent address: Centre Armoricain d 'Etude Structurale 
des Socles (CAESS), L.P. 466 of the C.N.R.S., Institut de 
G6ologie, Universit~ de Rennes, 35042 Rennes C6dex, 
France. 
Red Mountain Formation of Lower to Middle 
Silurian age in Alabama [4-6]. 
Previous paleomagnetic work has been pub- 
lished for this formation in the early days of 
paleomagnetism [7] but the resulting paleopole 
was based on only 7 samples, studied without 
extensive demagnetization techniques. In addition, 
Buchan and Hodych described some of their re- 
sults in a presentation at the meeting of the 
American Geophysical Union [8,29]. 
From these preliminary investigations, it ap- 
peared that the Red Mountain carries a pre-fold- 
ing magnetization; yet, its paleopole does not fall 
near to other Silurian paleopoles. Consequently, 
we organized our sampling to provide us with 
additional field tests, in order to provide con- 
straints on the age of magnetization. 
The geological setting of the sampling area is 
fairly well known [9-12]; where necessary, we 
discuss significant details of the geology in the 
following sections. 
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2. Sampling and laboratory procedures 
From 29 sites (Fig. 1), 200 samples have been 
drilled in the field and oriented with a Brunton 
compass. Sites were selected to provide fold-, con- 
glomerate-, and bedding-error tests [13,14], and to 
investigate as many different lithologies as possi- 
ble. The lithologic facies range from typical hema- 
titic ore beds, such as for example the four seams 
in the Red Mountain outcrop at the expressway 
just south of Birmingham (Fig. 1), to fine-grained, 
dark-grey to reddish-grey hematitic sandstones; we 
will refer in this paper to these two lithologies as 
the "red"  and the "grey" sites. The generation of 
hematite in these Clinton-type iron ores has been 
shown [15,16] to be associated with extensive re- 
placement textures of calcitic fossil fragments, 
which form the principal constituent of the ores. 
The most abundant fossils are bryozoa, brachio- 
pods, trilobites, echinoderms, ostracod fragments 
and fecal pellets, which are all typical of the 
Middle Silurian (e.g., Pentamerus oblongus). 
The two conglomerate lenses sampled (sites 20 
and 21) are formed by discoid cobbles of laminated 
sandstone or limestone, up to 10 cm in length, and 
set in a dark-red hematitic and calcitic matrix; 
they are thought to be derived from layers of the 
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Fig. 1. Schematic geologic map of the sampling area with sites 
indicated by the strike and dip symbols and their site numbers,  
corresponding to those of Table 1. 
Red Mountain Formation itself [9]. Cross bedding 
is fairly common, with foreset dips up to 20 °, and 
cross beds were sampled at two sites (18 and 19) 
with the same lithologies as the other red sites. 
The Red Mountain Formation in this south 
Appalachian setting is representative of the North 
American cratonic margin and was deformed dur- 
ing the Late Carboniferous/Early Permian A1- 
leghenian orogeny, that involved folding and 
thrusting [12]. In the Birmingham area, the folds 
are asymmetric, with gentle eastward dips and 
nearly vertical westerly limbs, the latter being 
located near the thrust planes, and possibly involv- 
ing considerable structural complexities. As a con- 
sequence, the usefulness of the steeply dipping 
sites on the westerly limbs is limited, albeit essen- 
tial for Graham's fold test [13]. 
Samples have been cut in the laboratory to 
standard 2.4 cm height, and natural remanent 
magnetizations (NRM's) have been measured with 
either an ScT cryogenic magnetometer or a 
Schonstedt spinner magnetometer. Alternating 
field (AF) demagnetizations were performed with 
a Schonstedt AF demagnetizer, and thermal de- 
magnetizations were done in a Schonstedt furnace, 
with cooling in a residual field of less than 10 nT. 
A majority of the specimens were progressively 
demagnetized, with up to 10 steps, but when uni- 
vectorial magnetizations became apparent treat- 
ment involved fewer steps. Chemical demagnetiza- 
tions were performed following the procedures of 
Park [17] and Henry [18]. Many samples contained 
calcitic cement, so acid concentrations were cho- 
sen at low levels until no further calcite dissolution 
became apparent, whereupon acid normality was 
increased gradually up to 10N. During the first 
steps leaching had to be performed in a fume 
hood, but after calcite dissolution was completed 
the samples were leached in field-free space (usu- 
ally after 10 hours of leaching). 
Demagnetization results have been interpreted 
with the aid of Zijderveld [19] diagrams as well as 
great-circle analysis [20]. Isothermal remanent 
magnetization (IRM) acquisition experiments were 
carried out up to 5 T with a cryogenic magnet, 
involving pairs of leached and non-leached sam- 
ples. Site-mean directions are given in Table 1 with 
their associated statistical parameters. 
TABLE 1 
Site-mean paleomagnetic directions 
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Site N/N o Treatment Before T.C. After T.C. k a95 Comments 
decl/incl decl/incl 
1 9/9 AF, th, ch 154/+ 31 154/+ 12 446 2.4 
2 8/8 AF, th, ch 154/+ 36 154/+ 12 102 5.5 
3 8/8 AF, th, ch 154/+ 36 154/+ 13 324 3.1 
4 7/7 AF, th, ch 157/+ 38 154/+ 13 87 6.5 
5 7/8 th, ch 152/+ 37 151/+ 14 73 7.1 
6 10/10 th, ch 149/+ 39 148/+ 22 596 2.0 
7 7/9 th, ch 151/+ 44 152/+ 25 862 2.1 
8 6/6 th, ch 152/+ 38 154/+ 22 146 5.6 
9 12/12 AF, th, ch 159/+39 156/+23 83 4.8 
10 4 /4  th 160/+ 19 159/+ 3 829 3.2 
11 8/8 AF, th, ch 159/+ 44 151 / + 31 35 9.5 
12 9/9 Af, th, ch 162/+ 39 155/+ 29 149 4.2 
13 7/7 th, ch 158/+ 31 154/+ 20 130 5.3 
14 0 /9  AF, th, ch . . . .  
15 6/6 AF, th, ch 154/+ 48 147/+ 24 11 21.0 
16 6/6 AF, th, ch 159/+ 54 147/+ 23 70 8.1 
17 4/4  AF, th, ch 141/+ 53 136/+ 20 31 17.0 
18 12/12 th 148/+37 148/+17 548 1.9 
19 11/11 th 151/+ 42 150/+ 25 770 1.6 
20 12/13 th 149/+ 43 148/+ 17 169 3.3 
21 13/13 th 151/+42 149/+23 171 3.2 
22 14/14 th, ch 2 2 2 / -  47 203/+ 19 150 3.3 
24 11/11 th 138/ +7 138/+11 136 3.9 
25 12/12 th 142/+18 141/+31 397 2.2 
26 8/8 th 147/ + 17 143/+ 18 404 2.8 
27 7/7 th 1 6 9 / -  44 168/+ 39 237 3.9 
28 4/8 th 143/ +1 147/+35 294 5.4 
29 9/9 th 151/ - 3 151/+ 10 170 4.0 
30 9/9 th 148/ + 3 149/+ 16 80 5.8 
Mean 27/29 152/+ 30 150/+ 20 
k =14 k = 64 
grey ss. 
1 sample destroyed by HCl 
1 core rejected (orientation?) 
grey ss.(see Fig. 3) 
grey ss. 
grey ss. 




bedding-error test (Fig. 5) 
bedding-error test (Fig. 5) 
conglomerate test (Fig. 6) 
conglomerate test (Fig. 6) 
excluded from overall mean 
4 samples give only VRM 
excluding sites 14, 22. 
N is the number of samples used in the statistical analysis, versus No, which is the total number of samples measured; T.C. denotes 
correction for the tilt of the strata; decl/incl are the declination and inclination in degrees; k and a95 are the statistical parameters 
associated with the mean direction, giving unit weight to N, 
3. Paleomagnet ic  results 
3.1. Comparison of magnetic behavior in red and 
grey samples 
Zi jde rve ld  p lo t s  a re  d i sp l ayed  in Figs.  2 and  3. 
T y p i c a l  b e h a v i o r  of  the  red  sites (Fig.  2) was  
c h a r a c t e r i z e d  by  un ivec to r i a l  decay  to the  o r ig in  in 
t h e r m a l  as wel l  as  c h e m i c a l  d e m a g n e t i z a t i o n .  T h e  
d i r ec t i ons  are  m o s t l y  sou theas te r ly ,  wi th  inc l ina -  
t ions  b e f o r e  s t ruc tu ra l  co r r ec t i on  r ang ing  f r o m  
i n t e r m e d i a t e  d o w n w a r d  to i n t e r m e d i a t e  u p w a r d .  A 
c o m p o s i t e  n a t u r e  o f  the  to ta l  N R M  of  these  sam-  
ples  is unl ike ly ,  as b l o c k i n g  t e m p e r a t u r e  spec t ra  as 
wel l  as so lub i l i ty  spec t ra  w o u l d  have  to be  c o m -  
p le te ly  o v e r l a p p i n g  in the  case  of  two  m a g n e t i z a -  
t ion  c o m p o n e n t s .  M a x i m u m  b l o c k i n g  t e m p e r a -  
tures  and  the  c o i n c i d e n c e  of  m a g n e t i z a t i o n  decay  
wi th  the d i s a p p e a r a n c e  o f  the  red  c o l o r a t i o n  are  
s t rong ly  sugges t ive  of  h e m a t i t i c  p i g m e n t  as the  
p r inc ipa l  m a g n e t i c  ca r r i e r  in the  red  sites. Hence ,  
we  c o n c l u d e  tha t  a chemica l  o r ig in  o f  the  m a g n e t i -  
z a t i on  in these  red  sites is l ikely,  a l t h o u g h  the  
b l o c k i n g  t e m p e r a t u r e  spec t ra  are  r a the r  discrete ,  
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with 50% of the magnetization disappearing be- 
tween 640 ° and 665°C (Fig. 2). 
In the grey sites, the NRM intensity is one to 
two orders of magnitude smaller than for the red 
sites (0.5 to 5 x 10  - 3  A m -1 compared to 5 x 10 2 
A m-1).  Zijderveld plots for the grey sites (Fig. 3) 
show multivectorial magnetizations, with two 
clearly distinct components. The characteristic 
component is again southeasterly and is removed 
first during leaching (sample 53A), while it ap- 
pears that it remains as a higher coercivity compo- 
Fig. 2. Demagnetization diagrams [19] for chemical (squares, 
leaching time in hours) and thermal (circles, temperatures in 
°C) demagnetization of red samples from site 22 (samples 140, 
142) and site 7 (samples 42, 43). Full (open) symbols denote 
projections onto the horizontal (vertical) plane. Units on the 
axes are in 10 -2  A m -1. The inset shows the normalized 
magnetization intensity plotted versus temperature during ther- 
mal demagnetization. The coordinate axes are uncorrected for 
the structural tilt. 
E Up N 
1 
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Fig. 3. Demagnetization diagrams (as in Fig. 2) for chemical, AF, and thermal treatments of  grey samples from site 9, and a stereoplot 
of the recent overprint magnetizations of this site. Units on the axes are in 10 - 3  A m -1 .  The full star in the stereoplot is the mean 
direction of the characteristic magnetizations for this site, and the open star is the present-day magnetic field direction. All symbols 
are plotted on the lower hemisphere, and all plots are without correction for the structural tilt. The square represents the mean of the 
recent overprint directions, plotted with its circle of 95% confidence. 
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nent in the samples after AF demagnetization up 
to 50 mT (sample 52B). Thermal demagnetization 
reveals this magnetization at higher blocking tem- 
peratures, characteristic of hematite, after removal 
of a low-blocking temperature component aligned 
with the present-day field direction (sample 57A). 
Where the latter component could be isolated, it 
usually displays a steeply inclined north to north- 
easterly direction. Fig. 3 displays a plot of these 
directions observed in site 9, with mean D = 33 °, 
I = + 70 °, ot95 = 16 °, N = 7 specimens. We inter- 
pret this direction as a viscous present-day field 
magnetization. However, in some cases magnetiza- 
tions of samples from the grey sites appear to 
decay linearly, but not to the origin, and this 
component could not be isolated (e.g., sample 53A 
in Fig. 3). In these cases great-circle analysis was 
performed. Often the in-situ greatcircles pass 
through the characteristic direction as well as the 
present-day field direction, but not always: how- 
ever, the only best-fitting intersections obtained in 
this procedure are those that reveal the character- 
istic southeasterly direction of the other grey sites 
as well as all the red sites. Th efact that no other 
convergence (before or after structural correction) 
was observed, indicates that some of the unre- 
solved components are of random orientation in 
addition to those with an alignment parallel to the 
present-day field. In summary, the only consistent 
magnetization other than a present-day field direc- 
tion (e.g., site 9 in Fig. 3) is the southeasterly 
direction that is characteristic for the red sites as 
well. 
The IRM acquisition experiments (Fig. 4) show 
JIRM 
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Fig. 4. Acqmsltion curves of isothermal remanent  magnetizations (IRM's)  and the corresponding coercivity spectra; large dots are for 
unleached samples and small dots for samples after chemical treatment. J denotes magnetic intensity, and Jrs is the intensity of the 
remanence after saturation; the magnetic field values are given in tesla (T). 
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similarities as well as differences between red and 
grey sites. Sample 2B (red site, Fig. 4) reveals a 
coercivity spectrum typical of hematite, reaching 
saturation only at 5 T. Samples from the grey sites 
reveal a correlation between decreasing intensity 
of saturation magnetization (Jrs) and a progressive 
shift of the coercivity spectra towards the lower 
end, as can be seen for samples 52B, 53A, 81B and 
85. We interpret the lower-coercivity phase in the 
grey sites as a remanence carrier which is either 
magnetite or large-grained specularite [28], with 
site 14 (samples 81 and 85 in Fig. 4) showing the 
largest amount of this carrier (85% of the Jrs is 
acquired by 0.2 T). In view of the behavior of 
these samples during AF, thermal, and chemical 
demagnetization this lower-coercivity phase is 
thought to be responsible for the viscous present- 
day field directions, whereas the characteristic 
magnetizations in such sites is carried by a high- 
coercivity, high-blocking temperature phase such 
as fine-grained hematite. 
Below we will discuss the fold test, which is 
positive, in more detail; nevertheless, it is worth 
noting here that the mean direction determined for 
the grey sites (after structural correction) is D = 
149 °, I =  +23 °, a95 = 6.5 °, which is statistically 
identical to the mean direction for the red sites 
(after structural correction), with D = 151 °, I =  
+ 19 °, a95 = 4.3 °. It appears obvious to us, there- 
fore, that the two (red and grey) lithologies have 
acquired their magnetizations in the same paleo- 
field and probably by the same mechanism, and 
their magnetizations are consequently of the same 
age. Grey and red sites can thus be treated without 
further distinction as one group in the following 
sections. 
3.2. Bedding error test 
In order to test whether the magnetization of 
the Red Mountain Formation is of detrital origin, 
two sites with cross bedding were collected (18 and 
19), even though we already suspected from the 
first demagnetization results that the magnetiza- 
tion could well be a chemical remanent magnetiza- 
tion (CRM). Each of these two sites has two sets 
of samples with a different orientation of foreset 
dips. The results of the test are presented in Fig. 5, 
.+60 ° ..i-30 °I I 
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Fig. 5. Stereographic projections (lower hemisphere) of the 
directions before and after the bedding error test. The circles of 
95% confidence are plotted for the subsets of each site which 
have different foreset dips, with respect to the paleohorizontal 
(unshaded, measured at regular layer boundaries), and after a 
hypothetical correction for foreset dip (shaded; see text for 
explanation). In both sites, the bedding error test is negative 
and illustrates that the magnetization was acquired after de- 
position. 
plotted with respected to paleo-horizontal (taken 
from the overall dip of the strata without cross 
beds). Following the discussion of Elmore and 
Van der Voo [14], in which they demonstrated a 
clear correlation between foreset dip and inclina- 
tion deviation in the case of inferred detrital rema- 
nences (whereas a younger, superimposed CRM 
does not show such a correlation), our test consists 
of a comparison between the two subsets of data 
for each site in two settings: one without any 
correction (open circles of confidence in Fig. 5), 
and one with a "correction for foreset dip" (shaded 
in Fig. 5). It must be noted that this "correction" 
is hypothetical only, and serves no other purpose 
than to test whether an inclination deviation exists 
that correlates with foreset dip. If better inclina- 
tion agreement exists after "correction", such a 
correlation is demonstrated, whereas if the results 
diverge more after "correction" than before, no 
correlation exists. The results of Fig. 5 show that 
N N 
$ S 
Fig. 6. Stereoplots with the sample directions (uncorrected for 
structural tilt of the strata) for two sites of conglomeratic beds 
(lower hemisphere projections). The good clustering of the 
directions reveals that the magnetization was acquired, proba- 
bly as a CRM, after deposition. 
for both sites, no correlation exists and we can 
conclude that there is no indication of  a bedding 
error in the magnetization. This, in turn, we inter- 
pret as lack of  support  for a detrital origin for the 
characteristic magnetizations; it appears that a 
C R M  is more likely than a DRM.  
3.3. Conglomerate test 
To provide further information about  the age of 
the magnetization, two conglomerate  layers (sites 
20 and 21) were sampled, with a collection of  26 
samples f rom 22 individual pebbles. If  the magne- 
tization had been acquired before redeposition of 
these pebbles, their present magnetic directions 
would be expected to be random. However,  our  
observations reveal (Fig. 6) that the in-situ mag- 
netic directions are very well clustered at both sites 
(k  is of  the order of 170), and their means are 
identical to those of  the other sites discussed earlier. 
The test indicates, therefore, that the magnetiza- 
t ion was acquired after the deposit ion of the peb- 
bles, most  likely as a CRM,  in agreement with our 
earlier conclusions. 
3.4. Fold test 
Graham' s  [13] classical fold test has been ap- 
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Fig. 7. Stereoplots (note the vertical projection!) of the site-mean 
directions before (left) and after (right) correction for the tilt of 
the strata. Envelopes are shown for NW-dipping, SE-dipping 
and subhorizontal sites. The fold test for this collection is 
positive, with all directions converging upon a mean direction 
with a + 20 ° inclination (as indicated on the right), indicating 
that the magnetization was acquired before the Late Carbonif- 
erous to Early Permian folding. 
zation was acquired before or after the Al- 
leghenian folding (Fig. 7). Excluded from consid- 
eration in the test was site 22, which gave an 
anomalous  southwesterly direction, which we will 
discuss further below. The precision parameter  k 
increases f rom 14 to 64 (for N = 27 entries), which 
indicates that the results pass the fold test at a 
significant level with better than 99% confidence. 
Consequently,  the magnetizations of  the Red 
Mounta in  Format ion  were acquired before the 
Late Carbon i fe rous /Ear ly  Permian folding. 
Site 22 revealed after structural correction the 
same inclination as the other sites (Fig. 7), which 
leads us to suspect complexities in the structural 
setting as the cause of the declination anomaly.  
We can rule out the possibility that the magnetiza- 
tion of site 22 is composite:  the demagnetizat ion 
diagrams (chemical as well as thermal) of this site 
(Fig. 2) show the same univectorial behavior as the 
other sites. We can also reject the hypothesis of a 
later complete remagnetization, because the direc- 
tion does not correspond to any younger  known 
paleofield. We have investigated the possibilities of 
oroclinal bending (although not seen in the other 
sites), rotations of  a thrust sheet (negated by the 
directions of  other sites) and the possibility of  
plunging folds. Following Perroud [21] and 
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Schwartz and Van der Voo [22], the results have 
been analyzed by correlation of declination 
anomalies and structural trends (strikes), and it 
appears that this correlation is negative: applying 
a "strike correction" [21] the precision parameter 
k decreases from 50 to 25 for the eight areas used 
as independent entries in the analysis. Conse- 
quently, we must assume that if the mean direction 
of site 22 is deviating because of structural com- 
plexities, then the vertically dipping strata of this 
site must have rotated in a plunging fold setting, 
which is undetectable in the field because of poor 
outcrop conditions. 
Finally, we can conclude that there is no reason 
to assume that the magnetization was acquired 
during the folding: dividing the sites into three 
groups (SE dipping, NW dipping and subhorizon- 
tal), it can be seen in Fig. 7 that the fold test is 
entirely positive. Mean inclinations after structural 
correction for the three groups are + 19 °, + 20 °, 
and + 24 °, whereas they are very different before 
structural correction (Fig. 7). 
Fig. 8. Comparison of the paleopole for the Red Mountain 
Formation with the Paleozoic apparent polar wander path of 
cratonic North America [23], in orthographic projection. 
4. Conclusions 
A very stable and well-defined magnetization, 
with D = 150 °, I =  +20 °, and ot95 = 3.5 °, is car- 
ried by hematite of chemical (diagenetic) origin in 
the Red Mountain Formation. The hematite is 
responsible for the designation of iron ore to 
several seams of this formation, and is demonstra- 
bly of secondary origin, occurring as a replace- 
ment of former calcite cement and clastic frag- 
ments [15]. On the other hand, the magnetization 
predates the Late Carboniferous/Early Permian 
folding, so it must be bracketed between Middle 
Silurian and Early Permian. In order to be able to 
define the magnetization age more precisely, our 
only recourse is to compare the paleopole from the 
Red Mountain (38°N, 132°E, dp = 1.9 °, dm = 
3.7 ° ) with the apparent polar wander path of 
cratonic North America for the Paleozoic [23]. 
Assuming that the post-Middle Silurian path is 
sufficiently characterized, the only period for which 
the Red Mountain paleopole is compatible with 
the path is the Late Carboniferous (Fig. 8), which 
is within the range prescribed by our tests. Thus, 
the hematite formation in the iron ores of the Red 
Mountain Formation would be associated with a 
Late Carboniferous diagenetic event. It is of inter- 
est to note that several other red beds from the 
Appa lach ians  have yielded p robab le  Late  
Carboniferous magnetic overprints, in addition to 
presumably primary magnetizations, such as the 
Rose Hill [1], and the Juniata [24]. Appalachian 
carbonates [25,26] as well as the Late Ordovician 
Neda iron ores in Wisconsin [27] give also similar 
poles, indicative of extensive remagnetizations dur- 
ing the Late Paleozoic. 
It hardly needs emphasizing that our study, 
furthermore, demonstrates that a fold test alone is 
not to be taken as conclusive proof of a primary 
(i.e., syn-depositional) age of the magnetization, 
nor can the linearity of the demagnetization trajec- 
tories or the stability of the magnetization be used 
for this purpose. Extensive rockmagnetic, optical- 
and electron microscope studies, in addition to 
bedding error, conglomerate, or slump tests, re- 
main the only recourse in deciding whether a 
magnetization is contemporaneous with the de- 
position age. 
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